Abstract-This paper presents our work toward the integration of a multisensor microsystem with wireless communication, using system-on-chip (SoC) methodology. Four different forms of microelectronic sensors have been fabricated on two separate 5 5 mm 2 silicon chips measuring pH, conductivity, dissolved oxygen concentration, and temperature. The sensors are integrated with a sensor fusion chip comprising analog circuitry for sensor operation and signal amplification prior to digital decoding and transmission. The microsystem prototype will be packaged in a miniature capsule, which measures 16 mm 55 mm including batteries and dissipates 6.3 mW for a minimal life cycle of 12 h.
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I. INTRODUCTION
T HERE is a considerable interest in the development of ultraminiature and low-power multisensor microsystems for use in applications such as medical diagnosis [1] and environmental monitoring [2] . Industrial applications in water purification, wastewater analysis [3] , and radiation control [4] , [5] also have technologically attractive prospects. Such systems must exhibit low-cost production, robustness of use, and real-time data processing. While laboratory-on-a-chip (LoC) and system-on-chip (SoC) methodologies are not new, the integration of the two technologies poses many new research challenges. LoC technology offers low-cost, efficient chemical synthesis and the potential for a full-scale biological and clinical analysis on a single, miniaturized device [6] . Meanwhile SoC technology offers an implementation methodology in which a low-power system comprises a set of optimized Intellectual Property (IP) blocks that can be designed rapidly and economically [7] , [8] .
The integration of LoC and SoC technologies is aided by improved digital telecommunication coding techniques such as code division multiplexing access (CDMA). In the past, the deployment of conventional distributed monitoring systems was hindered by issues concerning the complex installation of communication systems with respect to interface wiring. However, it is nowadays possible to achieve a usable signal-to-noise ratio (SNR) and thus accurate measurement for a low-power wireless sensor microsystem, clearly within spatial limits [9] .
Since the design that forms the essential component of the SoC methodology can easily be integrated with second-generation components, it is anticipated that the novel combination of circuits, sensors, and methodologies embodied in this first implementation will form the basis for future multisensor microsystems.
II. SYSTEM SPECIFICATION
The main features of the microsystem will in the future include an integrated multisensor array, analog signal conditioning circuits, a digital signal processor, a wireless transmitter, and a power source (Fig. 1) . For this prototype, both analog signal conditioning circuits and a digital signal processor have been implemented as an application-specific integrated circuit (ASIC) on a silicon chip.
A. Integrated Multisensor
In order to address generic issues known to be of interest to medicine (for example, the detection of abnormalities by real-time signal monitoring of the gastro-intestinal (GI) tract [10] ), four different types of microelectronic sensors have been employed. The sensor array consists of a dissolved oxygen (DO) sensor [11] , [12] , a pH-sensitive ion-selective field effect transistor (ISFET) [13] , [14] , a standard PN-junction silicon diode temperature sensor [15] , and a dual electrode direct contact conductivity sensor [16] . The temperature sensor measures the body core temperature. However, it is also essential for temperature compensation of the other three sensors, since the respective parameters are highly temperature-dependent. The pH sensor measures the acidity of the stomach, although it will also be used to predict the location of the pill within the GI tract, since various portions of the digestive system have an associated range of pH values. The conductivity sensor measures the total level of dissolved solids and thus provides an indirect estimation of the intestinal contents. The oxygen sensor will map the activity of aerobic bacteria within the intestine. The complete sensor array is fabricated on two 5 5 mm silicon chips.
The DO sensor, which includes an optional NiCr resistance thermometer m each spaced 400 m apart, which operate in a direct contact mode with the surrounding solution in which the conductivity is measured. In contrast, the Ag-AgCl reference electrode (1.5 10 m ) is fabricated in a similar manner to the oxygen sensor. Similarly, the ISFET pH sensor and its reference electrode are located in a 7.9-nL electrode chamber designed to contain a 0.1-M KCl gel electrolyte solution to promote a constant concentration of chloride ions in the presence of the Ag-AgCl electrode. In future devices, a final 50-m-thick layer of cation-selective Nafion ® membrane will cover the electrode chamber and forms a physical barrier between the chamber and the solution in which pH is to be measured.
B. Sensor Fusion
The third chip in the microsytem is the ASIC. It includes the analog signal conditioning circuits for each sensor, analog multiplexers, a 10-b analog-to-digital converter (ADC) and a digital-to-analog converter (DAC), an oscillator, as well as digital modules for microsystem scheduling, coding and transmitter control. With minimal compromise in terms of the sensitivity of the sensors, the analog circuits aim to minimize physical dimensions and power consumption. At first glance, some of our design choices would appear at odds with common practice that tends toward far more complex circuits such as the lock-in amplifier or the instrumentation amplifier. However, it is the aim of this project to achieve miniature size and high robustness while keeping power consumption and component count to a minimum-so the common design priorities have been changed. In this prototype, the microsystem was designed to work as a real-time multisensor transducer without local signal processing. Although a finite state machine was used for task scheduling in the present configuration, it will be replaced by a small microprocessor for self-reconfiguration in the future. As shown in Fig. 1 , this state machine as part of the digital platform is timed from a simple RC relaxation oscillator without temperature compensation. The timing precision of the oscillator is not high, owing to the fabrication tolerance of on-chip resistors and capacitors, but this had been foreseen and therefore we ensured that it would not have any strong adverse effect on our system specifications. Our approach is to mix a relatively low signal bandwidth of 1.51 kHz with the transmitter's reference frequency of 20 MHz so that there is minimal shift (less than 0.01%) in the transmitted signal's frequency. The nominal clock frequency of the RC oscillator is 24.15 kHz with a duty cycle of 49.8%. This low clock frequency provides an adequate sampling rate whilst keeping the dynamic power dissipation acceptably low.
For future implementation, an analog stochastic classifier based on the restricted Boltzmann machine (RBM) [17] will be introduced to achieve intelligent sensor fusion. Although artificial neural networks (ANNs) are well established in many applications, most of the data computation is done through soft computing [18] - [20] and the rest is achieved through either microcontroller units (MCU) or digital signal processing (DSP) that require huge computational power. Unlike the Multi-layer Perceptron (MLP) that requires high accuracy (12 b) in weight memory [21] and a complex, supervised update rule, the RBM design can be implemented easily with a simple weight changing circuit [22] . Moreover, the RBM designs have demonstrated high reliability in heartbeat analysis [22] and hand-writing recognition [23] .
C. Power Management
Two smart power management strategies have been implemented. The primary strategy is to disable "idle" function blocks during different task phases. The second strategy uses a simple DSP data compression algorithm to achieve low-power serial bitstream transmission. The algorithm decides when transmission is required by comparing the most recent sample with the previous sampled data. This technique is particularly effective when the measuring environment is at quiescence, a commonly encountered situation in many applications.
The algorithm has been tested using an extended data set, which comprises 67 cases of 24-h dynamic gastric pH data [24] . The raw data have an average kurtosis of 5.3 2.8 and an autocorrelation of 0.99 0.01. The compression ratio, that is defined as the ratio of the raw data stream length to the compressed data stream length, is found to be equal to 2.1 0.1 with a distortion degree of 0.008 0.001 with the given data set. If similar conditions apply to the microsystem discussed in this paper, a total power saving of approximately 50% for the transmitter can be achieved simply by introducing a small digital system overhead ( 10 ).
D. Future Wireless Communications
The wireless communication is proposed to be achieved by implementing a simple miniature low-power transmitter that uses a frequency-shift-keying (FSK) modulation method. The transmitter is designed out of ultraminiaturized discrete components, yielding a 5 8 11 mm package. This transceiver has a crystal oscillator that is bonded onto the substrate of the printed circuit board (PCB) (Fig. 3) . This oscillator provides a highly precise carrier frequency that will allow reliable data collection at the base station despite the inaccuracy of the timing of the ASIC. Preliminary experiments have shown that the transmitter has a cover range of 1 m and the received signal has an SNR of 78 dB at 20 MHz. A fully integrated SoC implementation of a transmitter using standard CMOS technology is being developed. 
E. Packaging
Interconnection among the sensor chips, the ASIC, and the transmitter were designed for wire bonding to a miniature PCB or by direct connection to adjacent chips. Future implementations will employ more robust packaging techniques such as "flip-chip" bonding. The power source will comprise two standard 26-mAh, 1.5-V silver oxide button cells (Seiko Microsystems, Japan) and the entire proposed prototype microsystem will easily fit into a single 16 mm 55 mm capsule (Fig. 3) made of polyether-terketone (PEEK).
III. RESULTS AND DISCUSSION
The ASIC was fabricated using a standard 3-V, 2-poly, 3-metal, 0.6-m CMOS technology process. It was received both as an unpackaged die format for use in the microsystem and in a standard 68-pin package for lab testing purposes (see Fig. 4 ). The chip is pad-limited with a total area of 4.5 4.5 mm . There are a total of 16 000 gates, 60% of which are digital while the remaining 40% form the analog system. The ASIC has 64 pads, of which 20 are power pads and 44 are I/O pads. Approximately 50% of the I/O pads are designated for preliminary test purposes of the chip.
Testing of the ASIC and the sensors was carried out on a laboratory test-bench using hard-wired connections to collect data that will be transmitted in a wireless fashion in future iterations of the device. Figs. 5-7 shows in situ test results from the temperature, conductivity, and pH sensor channels that have been completed so far. The correct functionality of the oxygen sensor channel has also been verified. The results are summarized in Table I . The applied voltages are specified from the 0-V reference based on a 1.5-V power supply. In the worst case scenario whereby all the output data bits are constantly "HIGH," the entire microsystem consumes a total of 2.1 mA of current (refer to Table II), which allows the capsule to continuously operate for more than 12 h using two 26-mAh Ag O cells as its power supply. Based on the laboratory tests, there is a constant noise level of 3 mV peak-to-peak (equivalent to one least significant bit (LSB) of the ADC) on the ASIC and the sensors. Since the sensors in a harsh environment will be noisier, the second LSB is required to provide an adequate noise margin. Hence, we anticipate that the 10-b ADC has an effective resolution of 8 b.
Temperature Sensor: The silicon diode (PN-junction) temperature sensor operates linearly within the dynamic range from 0 C to 70 C (see Fig. 5 ) with a sensitivity of 31.5 mV C after signal amplification. The forward-biased diode voltage, as a function of temperature, is maintained by a constant bias current of 15 A. The resolution is derived based on eight usable bits out of the possible 10 b provided by the ADC. The transmitter is operating at a duty cycle of 15%.
Conductivity Sensor:
The conductivity measurement channel of the chip was tested with prefabricated sensors, demonstrating the functionality of the circuit. It exhibited a logarithmic performance from 0.05 to 10 mS cm (Fig. 6) , as expected. The voltage amplifier circuit (Fig. 8) on the ASIC forms the electronic interface and measures the impedance, that is inversely proportional to the conductivity, of the sample fluid [device under test (DUT)]. The output voltage saturates at a conductivity above 10 mS cm . However, the formation of an electric double layer (the build up of charged particles on the electrode surface) also affects the sensor's performance. Thus, in order to neutralize the effect of the double layer, the conductivity sensor will be ultimately driven by alternating current. In addition, a dual-electrode, contactless conductivity sensor will be used to reduce the effect of faradaic impedance [25] and to avoid biofouling at the tradeoff of slower time response and poorer detection limits [16] .
pH Sensor: The response from the single ISFET pH sensor exhibited linear characteristics over a dynamic range from pH 4 to pH 10 (using standard pH buffers), with an average sensitivity of 23.4 mV pH (Fig. 7) . However, the stability of the miniaturized reference electrode posed a challenge upon integration with the pH sensor, as any instability of the reference electrode would cause undesirable sensor drift. One possible solution is to combine a sensing ISFET and a reference REFET transistor with two different pH-sensitive layers (e.g., Ta O and oxynitride/Si N ), respectively [26] . Although the differential sensitivity is small, it can be improved by: 1) reducing the pH sensitivity of the REFET with a polyvinylchloride membrane [27] ; 2) increasing the sensitivity of the ISFET by enhancing the proton affinity of the ion-sensitive membrane; or 3) an alternative use of immobilized enzymes on the gate structure of the transducer [28] . However, the differential mode of operation is subject to "crosstalk" between the two transistors if the protons (the by-product of the enzyme reaction) diffuse to the REFET, resulting in a false signal. Thus, the single ISFET sensor with an integrated Ag-AgCl reference is still the preferred choice in combination with the simplicity of its electronic interface circuit.
DO Sensor: The DO sensor, which was tested using a standard laboratory potentiostat (Bioanalytical Systems, US), exhibits a linear response with respect to the DO concentration in water over a dynamic range from 0 to 8.2 mg L (oxygen saturated water at 25 C). A sensitivity of 0.12 mg O nA (Fig. 9) was achieved with an applied working electrode potential of 700 mV with respect to the Ag-AgCl reference. Oxygen saturated water was equilibrated in the lab 24 h prior to the experiment and oxygen was subsequently removed by the chemical titration of the reducing agent Na SO . The level of DO in the solution was monitored by a standard Clark O electrode (Orion Research Inc, US). The oxygen electrodes were subject to a 2 min O plasma clean prior to use, since any residue on the electrode surface after fabrication degrade sensor performance seriously in the electrochemical measurement system.
Transmission Control: Each packet of transmission data will consist of a start-tag (8-b 10 101 010), four sets of sensor data (4 10-b), 8-b data compression overhead and an end-tag (8-b 01 010 101) in sequence. Each packet will be transmitted three times to improve the reliability of the transmission. As highlighted in Fig. 10 , the start-and end-tags have been successfully identified from the bitstream recorded at the transmission control node. This bitstream will be fed into the transmitter to modulate the transmitter carrier frequency. Besides, it is observed that there is no more transmission after the first three packets since the test environment remains at quiescent. This has hence demonstrated the functionality of the compression algorithm.
IV. CONCLUSION
An ASIC for a multisensor microsystem has been designed and implemented with a microelectronic sensor array and a direct communication link. All sensor and circuit components operate as intended and are designed to be amenable to SoC integration. An SoC design methodology has also been developed. Future implementations will lead to further miniaturization, wireless data transmission, and a more sophisticated system specification including greater sensor diversity, sensor fusion, and dynamic reconfigurability.
